During the last glacial period, when sea level was low, meltwater discharge drove incision of the lower Mississippi valley, with valley fi lling and delta construction during Holocene sea-level rise. Isostatic modeling shows that sediment volumes removed and replaced were suffi cient to induce uplift of >9 m along valley margins followed by subsidence of the same magnitude, with effects dissipating only over distances of >100-150 km along the Gulf of Mexico coast. Recognition of cyclical uplift and subsidence refutes recent interpretations of delta stability, and suggests that late Holocene relative sea-level curves from the delta region are instead a record of subsidence of the pre-Holocene depocenter. More broadly, incised valley cutting and fi lling is a common fl uvial response to glacio-eustasy, and cyclical uplift and subsidence should be common to large alluvial-deltaic systems elsewhere.
INTRODUCTION
Land-surface dynamics in the Mississippi delta region are linked to vertical motion of the landscape, Gulf of Mexico sea-level change, and rates of deposition, and have seen renewed interest since Hurricanes Katrina and Rita in 2005. This paper addresses a heretofore ignored component to vertical motion, a cyclical fl exural uplift and subsidence due to glacial-interglacial incision and fi lling of the lower Mississippi valley. In this paper we summarize the history of incision and fi lling over the last glacialinterglacial period to quantify the magnitude and timing of sediment unloading and loading, then use one-dimensional (1-D) steady-state and three-dimensional (3-D) visco-elastic models to examine the isostatic response of the delta region and adjacent shoreline.
CONTEXT
Historic period subsidence rates of 3-25 mm/yr are reported for different parts of the delta region, including >3-10 mm/yr for parts of New Orleans (Shinkle and Dokka, 2004; Dixon et al., 2006; Dokka, 2006; Dokka et al., 2006) . Landsurface subsidence integrates processes that operate over different spatial-temporal scales and depths. Holocene sediment compaction is most signifi cant, and contributes 1-10 mm/yr (Penland and Ramsey, 1990; Kuecher , 1994; Meckel et al., 2006) . Deep-seated processes include isostatic response to sediment loads, sediment compaction, salt tectonics and growth faulting, glacio-isostasy and hydro-isostasy, and fl uid withdrawals (Kulp, 2000; Morton et. al., 2003; Dokka et al., 2006) . Deep-seated subsidence rates are usually inferred to be very low. However, Dokka (2006) used New Orleans area geodetic benchmark data from 1968 to 1977 to infer >7 mm/yr from reactivation of growth faults, and 4.6 mm/yr from compaction of middle Miocene to Pleistocene strata.
Historic period subsidence measurements should be tested against the stratigraphic record to determine the best rates for long-term coastal planning. Sea level provides a benchmark against which longer-term rates can be measured , but the record of Gulf of Mexico Holocene sealevel change is also debated (Fig. 1) . Blum et al. (2001 Blum et al. ( , 2002 Blum et al. ( , 2003 Morton et al., 2000) argued that coastal landforms along the Texas and Alabama coasts indicate that regional sea level reached present elevations by ca. 6.7 ka, and may have been 1-2 m higher during the middle and late Holocene, but has not changed significantly during that time (Fig DR1 in the GSA  Data Repository   1 ). An opposite end-member view argues for continual relative sea-level rise, as defi ned in the delta region: Coleman and Smith (1964) assumed that regional sea level reached present elevations by ca. 2-5 ka, and attributed late Holocene relative sea-level rise in the delta region to load-induced subsidence, whereas Törnqvist et al. (2004) interpreted the dominant signal to be ongoing glacio-isostatic adjustments.
The Törnqvist et al. (2004) curve is grounded on age versus present depth relations for brackish marsh basal peats that onlap the PleistoceneHolocene contact along the southern lower Mississippi valley margins (Fig. DR2) . They tested for a middle Holocene highstand by correcting their data for subsidence, which produces such a highstand, but raises earlier index points to unacceptably high positions. Törnqvist et al. (2004) noted that reconciliation of the two data sets requires early Holocene uplift of the delta region, followed by late Holocene sub sidence: they considered uplift unlikely, and discounted the middle Holocene highstand model. Törnqvist et al. (2006) then interpreted similarities between their reconstruction and a Caribbean sea-level curve (Toscano and Macintyre, 2003) to show that their data provide a record of relative sea-level change that is representative of the northern Gulf of Mexico coast, and the Pleistocene-Holocene contact in the delta region is stable and not subsiding.
We argue that basal peats in the delta region provide a century-to millennial-scale record of motion of the Pleistocene-Holocene contact, rela tive to Gulf of Mexico sea-level change. However, basal peats record sea-level change for the northern Gulf of Mexico as a whole if, and only if, the delta region has been stable relative to the Gulf of Mexico shoreline as a whole. Understanding motion of the PleistoceneHolocene contact, the top of the pre-Holocene depocenter, is therefore central to understanding both the deep-seated subsidence component and Gulf of Mexico sea-level change.
LOWER MISSISSIPPI VALLEY HISTORY
The Mississippi River routes water and sediment from the U.S. continental interior to the Gulf of Mexico. During glacial periods, the Mississippi also drains the ice margin along the Canada-U.S. border, and responds to sealevel change in its lower reaches.
The lower Mississippi valley includes a complex succession of braided channel belts from the last glacial period, as well as meander belts and fl ood basins of Holocene age (Saucier, 1994) . Optical luminescence dating by Rittenour et al. (2005 Rittenour et al. ( , 2007 provides numerical ages for braided stream deposition. In the northern lower Mississippi valley, six episodes of channel belt construction occurred ca. 64-12 ka, with intervening periods of valley incision. During the last glacial maximum and deglaciation, ca. 20-12 ka, channel belt construction correlates with reduced glacial meltwater routing to the Gulf of Mexico, and episodes of valley incision correlate with meltwater peaks (Figs. DR3 and DR4). Rittenour et al. (2007) and Blum (2007) 
Ups and downs of the Mississippi Delta
Michael D. Blum* 1 , Jonathan H. Tomkin 2 , Anthony Purcell 3 , Robin R. Lancaster presented long profi les for braided streams surfaces, tracing channel belts downvalley in the subsurface after burial by Holocene strata. We argue that the magnitude and timing of valley incision and fi lling in the southernmost lower Mississippi valley are critical to understanding land-surface dynamics in the delta region (Fig. 1B) . The Macon Ridge channel belt, deposited ca. 30-35 ka (Rittenour et al., 2005 (Rittenour et al., , 2007 , is an important benchmark because it occurs as a terrace at elevations similar to the Holocene fl oodplain as far south as 31.25°N, and illustrates that incision had not propagated upvalley by that time. However, younger channel belts must be identifi ed in subsurface data (Fig. DR5) . We use U.S. Army Corps of Engineers borehole data (U.S. Army Corps of Engineers , 2008; Blum, 2007;  Table DR1 ) to pick the contact between sandy substratum and overlying backswamp mud in >300 borehole descriptions between 35°N and 30°N. The lower limit to this contact represents the youngest Pleistocene channel belt surface, the Morehouse channel belt of Rittenour et al. (2007) , active from ca. 12.5 to 12 ka. Figure 2 presents a long profi le that plots the Macon Ridge, modern fl oodplain, delta plain, and shelf elevations, and the Morehouse channel belt surface through the lower Mississippi valley to the shelf. We interpret these data to show that most valley incision postdates ca. 30 ka, and meltwater-driven incision extended to the southernmost lower Mississippi valley until ca. 12 ka, in spite of rapid deglacial sea-level rise.
Meltwater was diverted to the Atlantic or Arctic oceans by ca. 10.5 ka (Teller et al., 2002) . With early to middle Holocene eustatic sea-level rise, the Mississippi incised valley fi lled with sediment and the transgressive to highstand prism began to evolve (see Fig. 2 ). The Teche meander belt and Teche-Maringouin subdelta represent valley fi lling and construction of an inner shelf subdelta by ca. 4.0-3.5 ka; the inner shelf San Bernard and LaFourche subdeltas then formed farther east from ca. 3.5 to 0.8 ka, and the shelf-margin Plaquemines-Balize modern subdelta was active after that (Penland et al., 1988; Roberts, 1997; Kulp et al., 2005) .
FLEXURAL UPLIFT AND SUBSIDENCE
Previous work described isostatic effects of loading on passive margins in general, and along the Gulf of Mexico coastal Plain (Karner and Watts, 1982; Jurkowski et al., 1984; Nunn, 1985; Driscoll and Karner, 1994; Watts, 2001 ). Kulp (2000) and Ivins et al. (2007) modeled isostatic effects of Holocene loading in the Mississippi delta region, and showed that it has been suffi cient to result in signifi cant subsidence. However, much of the space available for loading with Holocene sediment was created by the valley incision described above. Here we examine the differential alongshore component of isostatic adjustments to incised valley unloading and loading.
We fi rst apply a simple 1-D elastic model (Cardozo, 2007) to estimate steady-state surface defl ection from removal and replacement of a load cross section 40 m thick × 80 km wide, with a density of 1.8 g cm -3 (sediment-water mixture). The primary unconstrained rheological parameter is effective elastic thickness of the lithosphere (T e ), which conditions fl exural rigidity. We use T e = 30 km, which is less than cratonic interiors, but greater than values typical of thinned and stretched continental margins or oceanic crust (Watts, 2001) . Load removal produces an instantaneous elastic uplift of ~12 m in the valley center, and ~9.7 m at the valley margins, whereas load replacement produces the opposite response (Fig. 3A) . Uplift and sub sidence dissipate over distances of ~150 km from the load margins. With T e = 60 km, the amplitude at the load margin is reduced to ~6.8 m, but the effects extend over greater distances, whereas lower T e values increase the amplitude but narrow the wavelength. We then adapt a 3-D visco-elastic model that was developed and refi ned at the Australian National University (Nakada and Lambeck, 1987; Johnston, 1993 Johnston, , 1995 Lambeck et al., 2003) and has been applied in North American settings (Potter and Lambeck, 2004; Simms et al., 2007) to evaluate surface defl ection in the delta region through time. We remove and replace a sediment load 40 m thick and 1° longitude wide at ~30°N (latitude of New Orleans and the northeastern Gulf of Mexico coast; Fig. DR6 ), with thickness decreasing upstream to 20 m at 31°N, and increasing downstream to 60 m at 29°N: sediment is removed at a linear rate from 30 to 11.5 ka, returned at a linear rate from 11.5 to 4 ka, and held steady after 4 ka. Our unloading history is realistic for the lower Mississippi valley as a whole, whereas our loading history is realistic for the incised valley, but conservative for the region south of 30°N, because it does not account for deposition of younger subdeltas to the east of the incised valley (see Fig. 1B ). We use T e = 30 km, a value of η um = 4 × 10 20 Pa for upper mantle viscosity (above 670 km), and η lm = 3 × 10 22 Pa for lower mantle viscosity, values consistent with previous glacio-isostatic modeling of the western North Atlantic, Caribbean, South America, and Gulf of Mexico regions (Kulp, 2000; Potter and Lambeck, 2004; Milne et al., 2005; Simms et al., 2007; Ivins et al., 2007) .
Amplitudes of fl exural uplift and subsidence are similar to that obtained with the 1-D model (Figs. 3B and 3C ). Valley margins are progressively uplifted from ca. 30 ka until ca. 9.5 ka, such that uplift continues for ~2 k.y. after the transition from unloading to loading, then subsidence begins and continues to the present day. Maximum rates of uplift and subsidence are 0.8-1 mm/yr at the valley margins, and the amplitude and rate dissipate over distances of ~150 km. Model results are most sensitive to unloading and loading history: changes in the timing or rate of valley incision and fi lling infl uence the timing of response, whereas addition of loads from younger subdeltas would modestly increase subsidence magnitude and rates along the eastern valley margin and the proximal Gulf of Mexico shoreline. Results are less sensitive to rheological parameters, such that doubling T e reduces maximum response by ~1 m, but does not affect timing, whereas doubling η um delays the response to loading, and reduces amplitude.
DISCUSSION
The 1-D steady-state and 3-D visco-elastic models indicate that glacial to interglacial incision and fi lling of the lower Mississippi valley is suffi cient to produce isostatic uplift and sub sidence in the delta region and along the adjacent Gulf of Mexico coast. Our models ignore hydro-isostatic and glacio-isostatic effects, which would affect the Gulf of Mexico shoreline uniformly, and isolate the differential alongshore effects of the anomalous sediment unloading and loading within the Mississippi valley and delta, so as to test the Törnqvist et al. (2004 Törnqvist et al. ( , 2006 interpretation that the PleistoceneHolocene contact in the delta region is stable. Our results suggest that (1) the PleistoceneHolocene contact is not stable, and likely has a complex history of vertical motion relative to the Gulf of Mexico shoreline as a whole; (2) basal peat data from the delta region can only provide a record of motion of the subsurface Pleistocene-Holocene stratal contact relative to Gulf of Mexico sea-level change; and (3) any correspondence between records from the delta region and the Caribbean, or anywhere where signifi cant sediment unloading and loading has not occurred, can be no more than a coincidental convergence of results from different processes.
Over an individual glacial-interglacial cycle, uplift and subsidence due to evolution of the Mississippi incised valley may largely cancel each other, but the subsidence part of the present cycle has not reached steady state, and likely contributes to present-day land-surface subsidence (see Kulp, 2000; Ivins et al., 2007) . Our modeling does not verify Holocene sea-level curves from other Gulf of Mexico locations, but clearly shows that records of sea-level change should vary alongshore to the extent suggested by published data: for example, sea-level indicators that formed ca. 5 and 2 ka have likely subsided ~4.5 m and ~1.75 m along the lower Mississippi valley margins relative to the Alabama coast (cf. Figs. 1A and 3C ). We conclude that the late Holocene component of the Törnqvist et al. (2004 Törnqvist et al. ( , 2006 data contains little, if any, signal of sea-level change, and should be reinterpreted as a century-to millennial-scale record of subsidence of the pre-Holocene depocenter for those specifi c locations.
Incised valley cutting and fi lling is now recognized as a common fl uvial response to glacioeustasy (Blum and Törnqvist, 2000) . Cyclical uplift and subsidence at the glacial-interglacial scale should be common to large fl uvial systems, and should be incorporated into models and interpretations of alluvial-deltaic response to climate and sea-level change. The magnitude of uplift and subsidence will scale to river systems and incised valley dimensions, whereas the timing will refl ect forcing mechanisms that drive fl uvial behavior, and differ between river systems. For the continental-scale glacio-fl uvial Mississippi system, (1) the magnitude of incision and fi lling is suffi cient to affect accommodation change along the coast as much as 150 km from the valley margins; (2) the timing of uplift is coupled to meltwater routing from ice sheets >2500 km to the north; (3) the uplift to subsidence transition refl ects meltwater diversion to the Atlantic or Arctic Oceans; and (4) rates of subsidence refl ect rates of valley fi lling and delta construction during postglacial sea-level rise.
